Summary. It has been proposed that the development of diabetic complications may involve a depletion of cellular myo-inositol due to an increase in polyol (sorbitol) formation. We therefore initially examined the effect of diabetes on levels of these metabolites in isolated cerebral microvessels. Compared with microvessels from control rats, microvessels from diabetic animals showed no detectable alteration in myo-inositol levels and a small increase in sorbitol content. To assess whether myo-inositol depletion might occur in only certain microvascular cells, cultured bovine cerebral microvascular pericytes and endothelium were grown for 3 or 18-20 days at 1.1, 5.5, or 22.2 mmol/1 glucose. Increased medium glucose concentration resulted in increased sorbitol content in both cell types after both periods of incubation (p < 0.05). In contrast, a significant decrease in myo-inositol content (22%, p<O.01) was observed only in pericytes grown for 18-20 days in the high glucose medium. Neither the adenosine 5'-triphosphate content nor the adenosine 5'-triphosphate/adenosine 5'-diphosphate (ATP/ADP) ratio of the pericytes was affected by the medium glucose concentration, indicating that the decrease in myo-inositol was not caused by a deficiency in the cellular energy state affecting the active transport of myo-inositol. These data suggest that myo-inositol depletion occurs selectively in the pericyte, a cell type known to be the site of early morphological changes in diabetes. Furthermore, the depletion apparently requires prolonged exposure to high glucose and is not due to a change in energy state.
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An increasing body of evidence has supported the hypothesis, recently reviewed by Winegrad [1] , that a common mechanism is involved in the induction of diabetic neuropathy [2] , nephropathy [3] , retinopathy [4] , and embryopathy [5] , as well as increased vascular permeability in granulation tissue [6] . According to this hypothesis, hyperglycaemia causes increased flux through aldose reductase and thus, elevated levels of intracellular polyols (e.g. sorbitol). By mechanisms still undetermined, the high glucose and/or polyol levels cause a decrease in tissue myo-inositol [7] . It has been suggested that depletion of a myo-inositol pool decreases the turnover of a small pool of phosphatidylinositol which is involved in the regulation of the Na+/K + ATPase [8] . The applicability of this sequence of events to cerebral microvascular tissue has not yet been evaluated.
Although the brain has not been considered a primary site of clinical pathology in diabetes, the involvement of the cerebral microvasculature is suggested by observations of basement membrane thickening, altered autoregulation of blood flow [9] , increased permeability [10], and pericyte degeneration [11] [12] [13] . That metabolic changes do occur in this tissue is indicated by the earlier demonstration in our laboratory of an inhibition of glucose oxidation in cerebral microvessels isolated from diabetic rats [14, 15] . In the present study, we have examined whether alterations in sorbitol and myo-inositol levels in cerebral microvessels are another consequence of diabetes. In addition, we evaluated the effect of culture in an elevated glucose medium on two microvascular cells types, endothelium and pericytes.
Materials and methods

Animals and microvessel preparation
Sprague-Dawley male rats (140-160 g; Charles River Laboratories, Wilmington, Mass, USA) and New Zealand white male rabbits (2.6-2.8 kg) were used. The rats were made diabetic with streptozotocin (65 mg/kg; Calbiochem, La JoUa, Calif, USA) either one or eight weeks prior to killing and the rabbits with alloxan (150 mg/kg; Sigma Chemical Co, St. Louis, Mo, USA) 6 weeks before the study. Diabetes was confirmed by blood glucose levels greater than 14 mmol/1 both 48-72 h after its induction and 1 4 days prior to killing. The cerebral microvessels were isolated from 13-15 diabetic and aged-matched control rats or rabbits by the method of Brendel [16] as adapted by Sussman et al. [17] with the following modifications: the cerebral cortex homogenate was serially sieved through nylon meshes (Small Parts, Inc., Miami, F1, USA) with pore sizes of 149, 105, and 74 (twice) ~tm. The material retained by the 105 and 74 ~tm meshes was sprayed off the meshes using a syringe fitted with a 25-gauge needle containing an Earle's salt solution (in mmol/1, 118 NaC1, 5.4 KC1, 1.8 CaC12, 1.0 MgSO4 and 1.0 NaH2PO4) with 28 retool/1 4-(2-hydroxyethyl)-l-piperazine-N'-2-ethanesulfonic acid (HEPES), pH 7.4, 5.5 mmol/1 glucose and 0.2% bovine albumin. The resulting microvessels were hand homogenised (8 times) in an Ace homogeniser with a Teflon pestle (clearance of 0.1-0.15 mm) and exhaustively (10 times) passed through a 37 ~tm mesh. The microvessels retained on the mesh were removed using a stream of medium: After the final microvessel preparation was washed three times in phosphate buffered saline (in mmol/1, 137 NaC1, 2.7 KC1, 8 Ng2HPO4, 1.5 KH2PO4), the metabolites were extracted from the cell pellet by adding 150 Ixl of cold 0.6 mol/1 trichloroacetic acid. The samples were placed on ice for 10 rain to allow for complete extraction, and the precipitated protein was removed by centrifugation. The trichloroacetic acid was removed by ether extraction. Samples were stored at -20~ until use.
Isolation and culture of cerebral microvascular endothelium and pericytes
Calf cerebral microvascular endothelium and pericytes were isolated and cultured as described previously [18] . Cells were grown in Corning T25 culture flasks (Coming Glassworks, Coming, NY, USA) and re-fed every other day including the day prior to the experiment. The day after plating the cells were fed with the appropriate medium [18] containing the appropriate glucose concentration; the glucose concentration of 1.1 mmol/l in this formula was increased as needed
of representative samples of media of the two cell types were found to be in the range of 50-60 gmol/1.) The cells were then grown for 3 or 18-20 days. In the latter case they were continuously passed in the appropriate glucose medium. Three days prior to use the cells were passed for a final time such that at the time of study the microvascular endothelial cells (MEC) were confluent, and the pericytes were in a semi-confluent state. Prior to metabolite extraction the culture medium was removed and the monolayer was rapidly washed 4 times with 5 ml of cold (4~ phosphate buffered saline. The cells were then incubated with 1.5 ml of cold (4 ~ C) 0.6 mol/l trichloroacetic acid for 10 min. The supernatant was removed from the flask and the trichloroacetic acid extracted with ether. Half of the extract was used for analysis of ATP and ADP, either immediately or after being quick-frozen in a dry-ice/ethanol bath and stored overnight at -20 ~ C. The remainder of the extract was concentrated approximately 5-fold with a Speed-Vac 100 (Savant, Farmingdale, NY, USA) and was used for determination of myo-inositol and sorbitol.
Assays ATP, ADP, and sorbitol were assayed by modified enzymatic methods [19-21l using a Hewlett-Packard (Palo Alto, Calif, USA) model 8450 spectrophotometer system set to read A335-345 minus A390-400. (The assay for sorbitol is not entirely specific and registers other polyols as well.) Myo-inositol was determined using a modification of the enzymatic cycling reaction of MacGregor and Matsehinsky [22] . Protein was measured by the method of Lowry et al. [23] after digestion in 0.5 N NaOH for 1 h at 60 ~ C. Enzymes and biochemicals were obtained from Boehringer Mannheim (Indianapolis, Ind, USA) and Sigma.
Statistical analysis
The values for the cultured cells are presented as the means _+ SEM of 3-5 experiments. The value used for each experiment is the mean of the metabolite content measured from 3 individual culture flasks.
The experiments were designed such that the cells in the replicate flasks of each individual experiment were from the same isolate. Cells from different isolates were used in different experiments. Statistical significance was determined using a 2-way analysis of variance (ANOVA) for repeated measurements followed by a Duncan's multiple range test; p < 0.05 was considered to be significant [24] . To compare the ATP/ADP ratios of the two cell types and to analyse the data for the isolated microvessels, a one-way ANOVA followed by a Duncan's multiple range test was performed.
Results
Isolated microvessels
The sorbitol level in microvessels isolated from diabetic rats was found to be slightly (1.4-2.3-fold) higher than that of control rats (Table 1 ). Neither acute (1 week) nor chronic (8 weeks) diabetes resulted in a depletion of the myo-inositol content of cerebral microvessels. The myo-inositol content of cerebral microvessels isolated from rabbits was also unaltered by 6 weeks of diabetes (5.6 and 5.3 nmol/mg protein for the control and diabetic groups respectively; n = 2). The lack of a decrease of myo-inositol was seen even when the microvessels from the diabetic rat were isolated in media containing 25 instead of 5.5 mmol/1 glucose (Table 1 ; Exp. B) and in four additional experiments in which microvessels from diabetic rabbits were isolated in 20 mmol/1 glucose (data not shown).
Cultured pericytes and endothelium
One possible explanation for the apparent absence of rnyo-inositol depletion in the isolated microvessels relates to their cellular composition. Previous histologi- Cerebral microvessels from control and diabetic rats were isolated in parallel. The isolation medium (Earle's-HEPES, pH7.4) contained 5.5 mmol/1 glucose, except in the case of the diabetic rats of Exp. B where the glucose concentration was 25 mmol/1. ND, not determined cal examination of our preparation indicated that the predominant cellular constituent is the endothelium. Approximately 5% of the microvascular cells are pericytes, with a varying but minor percentage of smooth muscle cells resulting from the presence of some arterioles and venules. Thus, if myo-inositol depletion occurred only in the pericytes, it would be masked by the relatively large contribution of the endothelium. To address this issue we investigated the effect of different medium glucose concentrations on the individual cell types using cultured bovine cerebral microvascular endothelium (MEC) and pericytes.
Growth for 18-20 days in high glucose medium (22.2 mmol/1) resulted in a 2.5-to 3.4-fold rise in sorbitol in both confluent MEC and sub-confluent pericytes; however, myo-inositol depletion occurred only in the pericytes, not in MEC (Fig. 1) . The magnitude of decrease in myo-inositol (22%) is similar to that reported for other affected tissues [2] [3] [4] [5] 
A TP and ADP contents
Since cellular myo-inositol accumulation involves an energy-linked transport process, the decreased myoinositol level in pericytes grown in high glucose medium might have been due to perturbation of the energy state of the cell. We therefore measured the ATP content and ATP/ADP ratio. Culture in high (22.2 mmol/1) or low (1.1 mmol/l) glucose medium had no effect on these energy parameters ( Table 2 ). The ATP contents of the two cell types were similar; however, the ATP/ADP ratio of the pericytes was significantly less (p < 0.05) than that of the MEC. The data are expressed as the mean + SEM, calculated from 3-5 experiments; the value for each experiment was the mean of 3 culture flasks
Discussion
The experiments presented here show a depletion of myo-inositol in cerebral microvascular pericytes cultured for 18-20 days in a high (22,2 mmol/1) glucose medium. Such a depletion was not observed in cultured endothelium, although both cell types exhibited a significant increase in sorbitol content. Thus an elevation in sorbitol is not necessarily accompanied by a decrease in myo-inositol levels in all cells. This cell specificity is of particular interest since pericyte degeneration is one of the earliest morphological manifestations of diabetic retinopathy [25] . The basis for the differential effect of high glucose levels on rnyo-inositol in the two cell types remains to be determined. Hypothetically it could reflect differences in their ability to synthesize myo-inositol from glucose [26] or differential impairment of myo-inositol transport. A number of previous studies suggest that polyol accumulation secondary to incubation with high concentrations of glucose or galactose inhibits myo-inositol transport in some cell types and tissues [27, 28] including the pericyte. Where studied this inhibition appears to be reversed by the addition of an aldose reductase inhibitor (e.g. 29) .
In the present study sorbitol levels were increased both at 3 and 18-20 days of incubation of the pericytes in a high glucose medium whereas a decrease in myoinositol was noted only at the later time. Studies addressing the reason for this should yield insight into the mechanism(s) responsible for myo-inositol depletion.
No decrease in myo-inositol was detected in cerebral microvessels isolated from diabetic animals. This is consistent with the lack of a decrease in myo-inositol in cultured endothelium, the predominant cell type in the microvessels. The observed 22% decrease in myoinositol in pericytes, which comprise only about 5% of the cells in the microvessels, would amount to only a 1% change in total myo-inositol in the vessel. It should be noted that other metabolic changes in isolated cerebral microvessels [14, 15] and functional and metabolic abnormalities in other organs [2] [3] [4] 6] are observed in rats made diabetic for these time periods.
The tissue contents of sorbitol and myo-inositol in the isolated cerebral microvessels (Table 1) are considerably lower than those reported for other tissues [2] [3] [4] [5] 8] and for the component microvascular cells (Fig. 1) , although similar to those of granulation tissue [6] . Thus, it is possible that the former values may not represent the true levels of these metabolites in vivo [17] . This might be in part due to damage to the microvessels incurred during isolation, though the 25% greater intracellular water space per mg protein of the cultured endothelium vs the microvessels [30] also contributes to the difference. As discussed previously [17] , values we have obtained for microvessel ATP content (2 nmol/mg protein) and ATP/ADP ratio (about 2), though higher than values previously obtained by others, are also lower than those for the cultured cells (Table 2 ). Since myo-inositol accumulation is energylinked, the lower energy state indicated by the ATP/ADP ratio of the microvessels might contribute to the lower myo-inositol content. Alternatively, this relative difference might reflect alterations in the metabolism of recently proliferating, cultured cells vs the microvessels. In this regard, the loss of the marker enzyme alkaline phosphatase within 48 h of culturing microvascular endothelial cells [18] shows that significant changes in enzyme activities and, hence, metabolite levels are certainly possible.
It has been proposed that diabetic complications occur specifically in tissues sensitive to hyperglycaemia as a result of myo-inositol depletion due to increased aldose reductase activity [1] . Our data suggest a further localisation of myo-inositol depletion to specific cell types in an affected tissue. A linkage between myo-inositol depletion and impaired Na+/K + AT-Pase activity has been proposed [2] [3] [4] . It should be noted, however, that this hypothesis may represent an oversimplification of the state of events in certain tissues and under certain circumstances. Thus, Simmons et al. [8] have reported a decrease in Na+/K + ATPase activity in aortas incubated with a myo-inositol-free medium and yet found no decrease in tissue myo-inositol. They presented data suggesting that the decrease in Na+/K + ATPase was due to depletion of a small intracellular myo-inositol pool which did not mix freely with total tissue myo-inositol. Similar inconsistencies between myo-inositol depletion and Na+/K + ATPase activity have been observed in other studies [31, 32] . How myo-inositol depletion relates to Na+/K + ATPase activity in the pericyte and other vascular cells remains to be determined.
